A small number of individuals with single-sided deafness (SSD) have received a cochlear implant (CI) in an effort to reduce tinnitus in the deafened ear and/or to improve health-related quality of life by improving speech understanding and sound source localization. Multiple reports suggest that CIs have been successful in achieving these goals [for a comprehensive review of findings see Vlastarakos et al., 2014] .
A small number of individuals with single-sided deafness (SSD) have received a cochlear implant (CI) in an effort to reduce tinnitus in the deafened ear and/or to improve health-related quality of life by improving speech understanding and sound source localization. Multiple reports suggest that CIs have been successful in achieving these goals [for a comprehensive review of findings see Vlastarakos et al., 2014] .
One important component of the improvement in health-related quality of life is an improved ability to localize sound sources. Subjective reports of better sound source localization have been confirmed by laboratory studies showing that localization with a normal-hearing ear and a contralateral CI (SSD-CI) is superior to localization with a single, normal-hearing ear [Arndt et al., 2011a, b; Firszt et al., 2012; Hassepass et al., 2013; Jacob and Stelzig, 2011; Nawaz et al., 2014] .
On the one hand, the improved sound source localization is unremarkable given that the baseline -localization with a single ear -is so poor. High levels of localization accuracy depend on the availability of binaural cues [Blauert, 1997] , and SSD patients, by definition, do not receive binaural cues.
On the other hand, normal values of binaural cues do not exist for SSD patients fit with a CI. CIs, most generally, code temporal changes in amplitude (envelope in-
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formation), and fine temporal information, the basis for ITDs, is not well transmitted [Wilson and Dorman, 2009] . Moreover, signal level information, the basis for ILDs, is severely compressed by CI signal processing. All commercial CI signal processing includes an automatic gain control at the front end of the signal path. In the MED-EL devices, for example, this produces a 2: 1 to 3.5: 1 compression for signal levels greater than 48 to 67 dB sound pressure level (SPL), depending on the processor's sensitivity setting. Signal levels are further compressed when the acoustic signals are mapped by a logarithmic function into the electric dynamic range. In a recent paper [Dorman et al., 2014] , we explored the effects of CI processing on ILDs for bilateral CI patients. The magnitude of the level compression is shown in the following example. Normally, the ILD at 3 kHz for a sound source at 45° azimuth is approximately 10 dB; at 15°, the ILD is approximately 3 dB. Following CI signal processing, at 45° the ILD is 1.6 dB, and at 15° it is 0.4 dB. Thus, SSD-CI patients, who have 1 normal-hearing ear and 1 CI ear, will experience a distorted representation of signal level as a function of signal azimuth. We would not expect a normal level of localization accuracy for SSD-CI patients if localization is based on access to either ITD or ILD information.
The cues used by listeners for sound source localization can be inferred from localization data when filtered noise bursts are used as signals. ILDs are largest for frequencies over 1,500 Hz, and ITDs are largest for frequencies under 1,500 Hz [Blauert, 1997] . Noise signals that are low-pass (LP)-filtered at 500 Hz contain strong ITD cues and minimal ILD cues. In contrast, noise signals highpass (HP)-filtered at 1,500 Hz contain strong ILD cues and minimal ITD cues. In this report, using filtered noise bursts as stimuli, we (i) describe the accuracy of sound source localization by 4 SSD-CI patients, (ii) infer the acoustic cues used by the SSD-CI patients to localize sound sources, (iii) compare the localization ability of SSD-CI patients to the localization ability of normal hearing listeners and bimodal CI patients and (iv) provide a rationale for the sound source localization abilities of the various groups of listeners.
Methods

Participants
Four patients with unilateral deafness served as listeners following approval by the IRB at Arizona State University. Demographic data for the listeners are shown in table 1 . The patients ranged in age from 38 to 49 years. In the ear opposite the implant, all patients had pure-tone thresholds within the range of normal for frequencies from 125 Hz to 4 kHz. The patients had 1-6 years of severe-to-profound hearing loss before receiving a CI. The duration of implant experience ranged from 2 to 16 months.
Patient S4, prior to testing in our laboratory at 16 months after the CI hookup, had been tested in another laboratory at 1 month after the CI hookup. We describe the data collected at 1 month in the discussion of the results.
We also tested 45 young, normal-hearing listeners [Yost et al., 2013] and 9 bimodal CI patients (low-frequency acoustic hearing in the ear contralateral to the CI). The mean audiogram for the acoustically stimulated ear for the bimodal patients is shown in figure 1 .
Test Signals
Three 200-ms noise band signals were created and shaped with 20-ms rise-decay times. The wideband (WB) signal was band-pass filtered between 125 and 6,000 Hz. The LP signal was filtered between 125 and 500 Hz. The HP signal was filtered between 1,500 and 6,000 Hz. In all cases, the filter roll-offs were 48-dB/octave. The broadband overall signal level was 65 dBA.
Test Environment
The stimuli were presented from 11 of 13 loudspeakers arrayed within an arc of 180° on the frontal plane. The speakers (Boston Acoustics 110×) were 15° apart. The speakers at the extreme ends The sentences are from the AzBio test set [Spahr et al., 2012] . HL = Hearing loss.
of the loudspeaker array were not used for signal delivery in order to minimize edge effects [Rakerd and Hartmann, 1986] . However, the speakers were listed as response options for the listeners. The 3.04 m × 3.35 m room was lined with 4-inch acoustic foam (noise reduction coefficient = 0.9) on all 6 surfaces along with special sound treatment on the floor and ceiling. The broadband reverberation time (RT 60 ) was 90 ms. The subjects sat in a chair at a distance of 1.67 m from the loudspeakers. The loudspeakers were located at the height of the listeners' pinna.
Test Conditions
Presentation of the 3 noise stimuli was controlled by Matlab. Each stimulus was presented 4 times from each loudspeaker. The presentation level was 65 dBA with a 2-dB rove-in level. Level roving was used to reduce any cues that might be provided by the acoustic characteristics of the loudspeakers. Subjects were instructed to look at the midline (center loudspeaker) until a stimulus was presented. They entered the number of the loudspeaker (1-13) on a keypad.
Results
Localization accuracy was calculated in terms of root mean square (RMS) error using the D statistic of Rakerd and Hartman [1986] . Chance performance, calculated using a Monte Carlo method, was 73.5° (SD = 3.2). Localization accuracy, using the WB noise signal, for all listeners is shown in figure 2 . The RMS error for the normalhearing group was 6.0° (SD = 2.7) and for the bimodal CI group, 63° (SD = 11).
For the SSD-CI patients 1-4, the RMS error scores for the normal-hearing ear alone were 64, 52, 72 and 52°; for the CI alone, 88, 75, 82 and 71°. The error scores in the combined condition were 39, 38, 37 and 11°.
Localization accuracy for the SSD-CI patients in response to the LP, HP and WB noise stimuli is shown in figure 3 . RMS error was greatest in response to the LP noise (53, 47, 87 and 43° of RMS error for S1-S4) and was much smaller, and very similar, in response to the HP noise (31, 38, 32 and 13°) and the WB noise (39, 37, 38 and 11°).
Discussion
In the introduction, we noted that multiple papers, commonly with relatively small samples, have reported improved sound source localization when SSD patients were fit with a CI. Our findings, shown in figure 2 , add to the studies with this outcome. What unique information we provide to the literature is in the cue-specific localization data for the SSD-CI population. Specifically, the data shown in figure 3 suggest that SSD-CI patients use ILD information for sound source localization in the WB noise condition. This follows from (i) the smaller RMS error scores with HP noise as compared to LP noise and (ii) the high degree of similarity of RMS error scores in the WB and HP noise conditions. The performance of patients S3 and S4 is especially informative as performance in the LP noise condition was much poorer than in the HP noise condition and, critically, performance in the WB and HP conditions was nearly identical.
SSD-CI Patients and ITD Cues
Although the performance in the LP noise condition was poorer than in the HP or WB noise conditions, inspection of figure 2 indicates that the performance for 3 of the 4 SSD-CI patients was better than chance in the LP noise condition. Does this mean that some SSD-CI patients have access to ITD cues? For SSD-CI patients, the normal-hearing ear has an excellent representation of this information, but the CI ear has, at best, a poor representation. Perhaps having a good representation from the normal-hearing ear allows whatever information there is from the CI ear to be minimally useful. On the other hand, the level of performance for the 3 patients with the best performance in the LP noise condition (43-53° of error) was in the same range as the level of performance of 1 patient using a single ear (52°) [see Grantham et al., 2008 , for a report of better-than-chance localization by patients with a single implant]. Moreover, the level of performance was similar to that for some of the 'better' bimodal patients (45 and 55°) for whom binaural ITD information is very unlikely.
Accounting for Between-Group Differences in Localization
One of our principal interests in this report was the performance of the SSD-CI patients relative to other CI patients. Our interest stems from the different alterations to the information available to the listeners and the different normalization routines necessary to overcome the distortions to the cues for sound source localization. Here we provide a rationale for the performance of the patient groups based on the access to, and the symmetry of, ILD information.
Normal-hearing listeners have access to both ILD and ITD information, and either source of information is sufficient for a high level of localization accuracy. For example, Yost et al. [2013] reported 7° of error for an LP Chance noise, 7° of error for an HP noise and 6° of error for a WB noise. Bimodal patients had the poorest mean performance of the 2 CI groups. Bimodal patients have relatively good access to fine temporal structure from the ear with low-frequency acoustic hearing and have access to signal level information from the ear fit with a CI. Neither timing nor level information is well represented at both ears. The very poor sound source localization for these patients [Potts et al., 2009; Tyler et al., 2002] follows from this circumstance. Consider, finally, the SSD-CI patients. When tested with a single CI or a single hearing ear, the localization accuracy was in the range of the bimodal patients. This is reasonable as there were no consistent binaural cues for the patients in either group. When tested with the combination of a normal-hearing ear and a CI, signal level information could be processed binaurally, and localization accuracy increased.
As noted in the Method section, patient S4 had been tested at another laboratory at 1 month after the CI hookup. Using stimuli derived from head-related transfer functions and presented over headphones, a localization score of 13° RMS error was obtained using a pink noise stimulus. This score is in stark contrast to the scores of patients S1, S2 and S3 who had 2, 3 and 9 months of experience and whose error scores were 39, 37 and 38° in response to the WB noise. When tested in our laboratory at 16 months after the CI hookup, patient S4 achieved an RMS error score of 11° in response to the WB noise. This score is surprisingly close to the score he achieved at 1 month after the hookup and is at the 95th percentile mark for localization scores for normal-hearing listeners. Thus, one of the computational problems confronting the SSD-CI patients, a large asymmetry in signal level at the 2 ears, can be solved, and solved very soon after initial activation. This suggests that experience is not the critical difference underlying the different levels of performance for the patients in our sample. It is also not the case that high levels of speech understanding performance are needed with the CI alone. In fact, S4 demonstrated the lowest speech recognition scores with the CI alone, yet the most acute localization scores of the 4 subjects in this sample. One possibility is that for S4 the electrodes in the implanted ear are nearer the 'correct' tonotopic place than for the other listeners, thus allowing a more normal relationship of ILDs by frequency and azimuth. Our data do not speak to this issue.
Finally, it is clear from the data of S1-S3 that SSD-CI patients, like bilateral CI patients, do not need to show a completely normal level of sound source localization in order to enjoy the benefits of cochlear implantation. Indeed, one of the most valuable aspects of implantation for SSD-CI patients, according to patient report, is the ability to localize sound sources.
Conclusion
We have replicated previous findings that SSD-CI patients achieve better scores on tests of sound source localization than SSD patients. We add to the literature by demonstrating that SSD-CI patients use ILD cues for sound source localization and that functional localization abilities appear within 1-3 months after device activation. The performance of 1 of our 4 patients indicates that the large asymmetry in the range of signal levels at the 2 ears for SSD-CI patients can be normalized to produce localization performance within the normal range.
